The Au-rich massive to semimassive sulfide lenses of the LaRonde Penna deposit (58.8 Mt at 4.31 g/t Au) are stacked in a steeply dipping, southward-facing homoclinal volcanic sequence forming a continuous, differentiated volcanic succession composed of two main formations: the ca. 2700 Ma Hébécourt Formation and the 2701 to 2698 Ma Bousquet Formation, which corresponds to the uppermost segment of the Blake River Group. The Hébécourt Formation is composed of regionally extensive LREE-depleted ([La/Sm]N~0.9) tholeiitic, basaltic to andesitic, massive to pillowed flows that formed a submarine stratum on which the Bousquet Formation was emplaced. The Bousquet Formation is further divided into a lower member and an upper member. The lower member of the Bousquet Formation is composed of feldspar and quartz-phyric tholeiitic felsic (Zr/Y ~3.4, Zr/TiO2~860) sills and extensive effusive and volcaniclastic mafic to intermediate and tholeiitic to transitional rocks. The upper member is mainly characterized by submarine, coalesced dacitic to rhyodacitic autoclastic flows that are cut and/or covered by rhyodacitic and rhyolitic domes and/or partly extrusive cryptodomes and by intermediate to mafic sills and dikes. The Nd isotope signature of six separate LaRonde Penna deposit host units (εNd~3-3.4) suggests that they were generated by partial melting of depleted upper mantle and/or juvenile material (mafic crust) or by a combination of those two processes. The sequence is interpreted to reflect the progression from diapirism of depleted upper mantle associated with underplating by mafic-ultramafic magma and assimilation and magmatic differentiation (assimilation-fractional crystallization) at midcrustal levels in subsidiary magmatic chambers within a ca. 2721 Ma, relatively thick, juvenile or immature mafic ± felsic arc-back-arc crust in an intermediate setting between back-arc basin and volcanic-arc environments. This setting, compatible with the inferred geodynamic setting for the southern Abitibi belt, could be responsible, at least in part, for the Au enrichment of the volcanic massive sulfide (VMS) deposits of the Doyon-BousquetLaRonde mining camp.
Introduction
is further divided into the lower member and the upper member. The lower member is composed of tholeiitic to transitional, mafic to felsic rocks, whereas the upper member is dominated by transitional to calc-alkaline, intermediate to felsic rocks (Lafrance et al., 2003a; Mercier-Langevin et al., 2007a) . Overall, the Bousquet Formation is characterized by a gradual evolution from tholeiitic at the base (north) to calcalkaline at the top (south), defining a continuous magmatic trend rather than a bimodal volcanic sequence, as in the Noranda Volcanic Complex located in the central part of the Blake River Group (Gélinas and Ludden, 1984; . The units of the lower member of the Bousquet Formation are laterally extensive, whereas the felsic units of the upper member are laterally restricted, coalesced flows (Stone, 1990; Lafrance et al., 2003a) . The 2697 Ma (Lafrance et al., 2005) synvolcanic Mooshla intrusion, west of LaRonde Penna, cuts part of the Hébécourt Formation and the lower part of the Bousquet Formation (Stone 1990; Lafrance et al., 2003a; Galley and Lafrance, 2007) .
Several petrogenetic models have been proposed to explain the formation of the Blake River Group, including the Doyon-Bousquet-LaRonde mining camp area. A low degree of partial fusion of lherzolite followed by magmatic differentiation was proposed by Smith (1980) . Jensen (1985) proposed that recycling of sagging mafic rocks (eclogites) at the base of the sequence could have been responsible for the generation of calc-alkaline magmas. Mantle diapirism also has been proposed, in which variations in magma composition are attributed to variations in the fusion conditions (e.g., Capdevila et al., 1982) or to local variations in mantle composition (e.g., Goodwin, 1982) . Mantle diapirism in a back-arc extensional setting was suggested by Ujike and Goodwin (1987) , Laflèche et al. (1992a, b) and Wyman et al. (2002) to explain the tholeiitic to calc-alkaline magmatism of the Blake River Group. Transitional to calc-alkaline magmas in the upper part of the Blake River Group have mostly been attributed to fractionation of mafic magmas, magma mixing, and, in some cases, to crustal contamination. The presence of older crust beneath the Blake River also has been proposed (Baragar, 1968; Gariépy et al., 1982; Gélinas and Ludden, 1984; Géli-nas et al., 1984) . This was based on the abundance of rhyolite relative to calc-alkaline andesite, the presence of granodioritic xenoliths in calc-alkaline rocks, and some 207 Pb/ 204 Pb initial ratios compatible with a slightly older crust. MercierLangevin et al. (2007a) reported inherited zircons in the footwall felsic flow breccia of the LaRonde Penna 20 North lens and suggested the presence of a ca. 2721 Ma substratum beneath the 2701 to 2698 Ma Bousquet Formation during its formation.
LaRonde Penna deposit
The LaRonde Penna mine stratigraphy comprises the Hébécourt Formation and the lower and upper members of the Bousquet Formation. The volcanic units of the mine sequence are described elsewhere in detail (Mercier-Langevin et al., 2007a) , and only a summary of the upper member units is given here. The geometry, geochemistry, and genesis of the main ore lenses (20 North and 20 South) are described and discussed in more detail by Dubé et al. (2007) and MercierLangevin et al. (2007a) .
The upper member of the Bousquet Formation is composed of five main stratigraphic units in which the Au-rich sulfide lenses of the deposit are intercalated. The base is mainly composed of dacitic to rhyodacitic flow breccia (unit 5.1b) , marking the transition from large-scale mafic tholeiitic to transitional volcanism (Hébécourt Formation and lower member of the Bousquet Formation) to small-scale felsicdominated transitional to calc-alkaline flows and domes. This dacitic to rhyodacitic flow breccia is intercalated with andesitic flows and cut by mafic sills and dikes. The andesite flows are locally overlain by fine-grained hyaloclastite and thin strata of volcanogenic sedimentary rocks and graphitic argillite. The andesite is cut by dacitic to rhyodacitic domes and lobes. A rhyodacite-rhyolite unit (unit 5.2b) covers the dacite-rhyodacite of unit 5.1b and comprises rhyodacitic to rhyolitic flow breccia and rhyolitic domes and/or cryptodomes partially exposed on surface (Mercier-Langevin et al., 2007a) . This rhyolitic unit is temporally associated with the beginning of the hydrothermal activity responsible for the formation of the LaRonde Penna 20 North and Bousquet 2-Dumagami ore lenses at around 2698 Ma (Mercier-Langevin et al., 2007a) . Fragments of felsic intrusive rocks that may come from an older basement are found in unit 5.2b. This is supported by the presence of inherited zircons in unit 5.2b (Mercier-Langevin et al., 2007a) . The rhyodacite-rhyolite (unit 5.2b ) is overlain by the upper felsic unit (5.5), composed of rhyolitic flow breccia cut by a coeval feldspar and quartzphyric rhyolite cryptodome (unit 5.3) . A mafic to intermediate basaltic andesite sill and dike complex (unit 5.4) cuts units 5.5 and 5.3. This volcanic sequence was eroded and covered by turbidites at least 5 to 10 m.y. later, as indicated by the age of the youngest detrital zircons from the Cadillac Group at LaRonde (2689 ± 2 Ma: Mercier-Langevin et al., 2007a) .
Lithogeochemistry
The host sequence is variably altered as a result of locally intense hydrothermal activity followed by upper greenschist to lower amphibolite facies metamorphic recrystallization. The average geochemical compositions of host units, listed in Table 1 , were obtained from a selection of least altered samples. Samples were selected according to their position in the host sequence relative to the ore lenses and the distribution of alteration zones, their mineralogical composition, the consistency of their trace elements ratios, and a number of alteration indices (LOI, Ishikawa, chlorite-carbonate-pyrite: Ishikawa et al., 1976; Large et al., 2001 ). The analytical techniques are summarized in Appendix 1.
Hébécourt Formation
A sample of the Hébécourt Formation north of the LaRonde Penna mine plots in the andesite field, close to basalt, in the classification diagram of Winchester and Floyd (1977) shown in Figure 1A , based on SiO 2 versus Zr/(TiO 2 *0.0001), and in the basaltic andesite field in the classification diagram of Winchester and Floyd (1977) shown in Figure 1B , based on Zr/(TiO 2 *0.0001) versus Nb/Y. Lafrance et al. (2003a) showed that the Hébécourt Formation varies from basaltic to andesitic throughout the Doyon-Bousquet-LaRonde mining camp. Volcanic rocks are tholeiitic according to the AFM diagram of Irvine and Baragar (1971) in Figure 1C and the Zr/Ti versus Y/Ti plot of Lentz (1999) shown in Figure 1D , with a low Zr/Y ratio of 2.65 (Table 1) . The Hébécourt Formation is characterized by REE abundances of about 20 to 30× chondritic values with a very slightly LREE depleted chondrite-normalized pattern ( Fig. 2A) and a [La/Sm] N ratio of 0.89 (Table 1) . A weak negative Eu anomaly, minor depletion in most incompatible elements (Th, Nb and Ta) relative to LREE, and a pronounced negative Ti anomaly are apparent in these rocks ( Fig. 2A) .
Bousquet Formation, lower member
Rocks from the lower member of the Bousquet Formation are tholeiitic based on their major element compositions (Fig.  1C ) and on the low Zr/Y ratio (2.3-3.5) of each unit (Table 1 , Fig. 1D ). The felsic sills (unit 2.0) are enriched in LREE ([La/Yb] N = 2.08), have a negative Eu anomaly, a flat HREE pattern, slightly negative Nb and Ta anomalies, a pronounced negative Ti anomaly, and a positive Th anomaly relative to LREE ( Fig. 2A ). There are pronounced positive Zr and Hf anomalies in this unit. It plots within the ocean ridge field in the tectonic discrimation diagrams of Pearce et al. (1984) and in the intraplate field in the Th/Ta versus Yb diagram of Gorton and Schandl (2000) shown in Figure 3 . Units 3.3 (scoriaceous tuff) and 4.4 (heterogeneous unit) show similar chondrite-normalized REE and trace element patterns characterized by a LREE enrichment, flat HREE at about 8 to 10× chondritic values, weak negative Zr and Hf anomalies, and deep negative Nb and Ta anomalies. The scoriaceous tuff (unit 3.3) is, however, slighty depleted in Th relative to LREE, whereas the heterogeneous unit (unit 4.4) is weakly enriched in Th relative to LREE ( Fig. 2A) . These units plot in the active continental margin field in the Th/Ta versus Yb diagram of Gorton and Schandl (2000;  Fig. 3C ).
Bousquet Formation, upper member
The upper member of the Bousquet Formation consists of five different units (5.1-5.5), some of which have been further divided into subunits (see Mercier-Langevin et al., 2007a) . Overall, these units range in composition from mafic to intermediate (basaltic andesite) to felsic (dacite, rhyodacite and rhyolite) and are tholeiitic to calc-alkaline with a tholeiitic affinity among the mafic to intermediate units and subunits and a calc-alkaline affinity among the felsic units and subunits.
Dacite-rhyodacite (unit 5.1b) : The dacite-rhyodacite has been divided into four subunits by Mercier-Langevin (2005) based on field relationships and Zr/TiO 2 ratio, which is unaffected by hydrothermal alteration even in strongly altered samples of the LaRonde Penna host sequence (Dubé et al., 2007) . The Ti-rich dacite (subunit 5.1b-(a)) has a Zr/TiO 2 ratio of 109.7, is dacitic (Fig. 1A ) and tholeiitic to transitional (Fig. 1C, D) . Rocks from this unit are relatively rich in Ti (1.06 wt % TiO 2 ) and Al (17.24 wt % Al 2 O 3 ). The andesitedacite (subunit 5.1b-(b)) has a Zr/TiO 2 ratio of 246.8 and is andesitic to dacitic (Fig. 1A, B) and transitional between tholeiitic and calc-alkaline (Fig. 1C, D) . In detail, this subunit is characterized by elevated TiO 2 (0.97 wt %) and Al 2 O 3 (17.43 wt %) and a low Na 2 O/K 2 O ratio (Table 1) . Zr and Y are also elevated compared to the other units of the LaRonde host sequence. The andesite-dacite (subunit 5.1b-(b)) has a (Fig. 2B ). This unit plots within the volcanic-arc field in the tectonic discrimation diagrams of Pearce et al. (1984) and in the intraplate field in the Th/Ta versus Yb diagram of Gorton and Schandl (2000) shown in Figure 3 . The dacite-rhyodacite (subunit 5.1b-(d)) is intercalated with or cut by the three other subunits of unit 5.1b (MercierLangevin et al., 2007a) . It can be distinguished easily from the other three subunits by its high SiO 2 (72 wt %) and low TiO 2 concentration (0.64 wt %) and by an elevated Zr/TiO 2 ratio (282.9) relative to the other rocks of unit 5.1b. This subunit consists of transitional to calc-alkaline dacite or rhyodacite (Fig. 1C, D) , which plots in the volcanic arc fields of tectonic discrimination diagrams of Pearce et al. (1984) or in the active continental margin field of Gorton and Schandl (2000) classification shown in Figure 3 Ryodacite-rhyolite (unit 5.2b) : The rhyodacite-rhyolite comprises the immediate footwall of the 20 North lens and hosts the large footwall alteration zone associated with the Au-rich sulfides of this lens (Dubé et al., 2007) . Very good surface exposure of a well-preserved section of this unit away from hydrothermal alteration helped define its distribution, mode of emplacement (Mercier-Langevin et al., 2007a) , and primary geochemical signature. In particular, a subunit that comprises mainly large domes or cryptodomes within the rhyodacite-rhyolite flow breccia (unit 5.2b) below the 20 North lens (see Mercier-Langevin et al., 2007a) can be distinguished readily on the basis of its Zr/TiO 2 ratio. This subunit is characterized by a Zr/TiO 2 ratio of 534.4 that is about two times higher than that of the surrounding rhyodacite-rhyolite flow breccia (unit 5.2b, Zr/TiO 2 = 275.8; Winchester and Floyd (1977) . B. Zr/TiO2 vs. Nb/Y discrimination diagram from Winchester and Floyd (1977) . C. AFM plot (Irvine and Baragar, 1971) . D. Zr/Ti vs. Y/Ti plot of tholeiitic vs. calc-alkaline affinity of the felsic volcanic rocks from Lentz (1998 Pearce et al. (1984) , showing the distribution of the host units of the LaRonde Penna deposit in the volcanic-arc field, except for the Hébécourt Formation and felsic sills (unit 2.0), which plot within or near the ocean ridge field. B. Ta vs. Yb tectonic discrimination diagram of Pearce et al. (1984) , showing the distribution of the host units of the LaRonde Penna deposit. C. Th/Ta vs. Yb tectonic discrimination diagram of Gorton and Schandl (2000) , showing the distribution of the host volcanic units of the LaRonde Penna deposit in the active continental margin field (see discussion in the text). altered samples from the domes or cryptodomes (subunit 5.2b-R) are slightly more felsic than the surrounding volcaniclastic rocks of unit 5.2b (Fig. 1A) and have a stronger calc-alkaline affinity (Fig. 1C, D) . This suggests that the source magma may have been slightly different (see below).
The chondrite-normalized plots of the rhyodacite-rhyolite (unit 5.2b) and of the rhyolitic domes or cryptodomes (subunit 5.2b-R) show similar trends except for slightly higher HREE in the flow breccia compared to the dome or cryptodome facies (Fig. 2C) . Both profiles are characterized by LREE enrichment ([La/Sm] N = 3.18-4.34), strong negative Nb, Ta, and Ti anomalies (Fig. 2C) Fig. 1A ), reflecting the abundance of blue quartz microphenocrysts (Mercier-Langevin et al., 2007a) . This rhyolite has a lower Zr concentration compared to the other felsic units of the upper member of the Bousquet Formation, with less than 130 ppm Zr (Table 1) , and is calc-alkaline with a Zr/Y ratio of 7.05 (Fig. 1C, D) . The feldspar and quartz-phyric rhyolite is also characterized by low TiO 2 and Al 2 O 3 concentrations of 0.21 and 13.15 wt percent, respectively, suggesting a high degree of magmatic differentiation. The chondrite-normalized REE pattern is characterized by a strong LREE enrichment ([La/Sm] N = 6.63; Table 1 , Fig.  2C ), flat HREE ([Gd/Lu] N = 0.96), strong negative Nb and Ta anomalies, positive Zr and Hf anomalies, weakly negative Eu anomaly, and a strong negative Ti anomaly. As for the rhyodacite-rhyolite (unit 5.2b), the high-silica rhyolite (unit 5.3) plots in the volcanic arc field of Pearce et al. (1984;  Fig. 3A,  B) , and in the active continental margin field of Figure 3C .
Basaltic andesite (unit 5.4) : The geochemistry of the basaltic andesite contrasts strongly with that of the other units of the upper member of the Bousquet Formation, with low SiO 2 and Zr of 56.83 wt. percent and 51.05 ppm, respectively, and elevated TiO 2 and Al 2 O 3 at 1.11 and 20.36 wt. percent, respectively (Table 1 ). This unit is tholeiitic to calc-alkaline (Fig. 1C) , although the trace elements indicate a more tholeiitic affinity (Zr/Y = 4.35; Fig. 1D ). The chondrite-normalized pattern of the basaltic andesite (Fig. 2B) is characterized by LREE enrichments ([La/Yb] N = 6.28), negative Nb, Ta, Zr, Hf, and Y anomalies, and by a slightly positive Eu anomaly. The Th/Ta ratio is slightly lower than that of the other units of the upper member, but it also plots in the active continental margin field of Gorton and Schandl (2000;  Fig. 3C ).
Upper felsic unit (unit 5.5 ): This unit is rhyolitic (Fig. 1A ) and calc-alkaline (Fig. 1C, D) with a Zr/Y ratio of 7.86 (Table  1) . It is slightly more felsic than most of the underlying rhyodacite-rhyolite (unit 5.2b) but slightly less felsic than the rhyolite dome or cryptodome facies (subunit 5.2b-R) and coeval feldspar and quartz-phyric rhyolite (unit 5.3), containing 73.55 wt percent SiO 2 , 0.38 wt percent TiO 2 , and 184.76 ppm Zr (Table 1 ). The chondrite-normalized plots of the upper felsic unit have a pattern similar to that of the rhyolitic domes or cryptodomes (subunit 5.2b-R) and are characterized by LREE enrichment ([La/Sm] N = 4.61), strong negative Nb, Ta, and Ti anomalies (Fig. 2C) 
Whole-Rock Sm-Nd Isotope Compositions
Six whole-rock samples from the LaRonde Penna deposit host sequence were analyzed for Sm and Nd isotopes. The analytical procedures are described in Appendix 1. These include the heterogeneous unit of the lower member of the Bousquet Formation (unit 4.4), the dacite-rhyodacite (unit 5.1b), the rhyodacite-rhyolite (unit 5.2b), the feldspar and quartz-phyric rhyolite (unit 5.3), the basaltic andesite (unit 5.4), and the upper felsic unit (unit 5.5) of the upper member of the Bousquet Formation. The samples are described in Table 2 .
The isotopic values given in Table 3 were calculated for a time (t) of 2700 Ma. The data are plotted in Figure 4 in a 147 Sm/ 144 Nd versus 143 Nd/ 144 Nd diagram. The samples define a regression age of 2692 ± 130 Ma (2σ errors) with an initial 143 Nd/ 144 Nd ratio of 0.509299 ± 0.000091 and a mean squared weighted deviation (MSWD) value of 0.25, calculated using Isoplot version 2.49 and the Yorkfit 1 model (York, 1969; Ludwig, 2001 ). These results suggest that the samples were not affected by any significant hydrothermal alteration.
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0361-0128/98/000/000-00 $6.00 619 Heterogeneous unit, sample LAPL-019-2001 (unit 4.4 ): This sample is from the stratigraphic footwall of the 20 North lens. It is characterized by low Nd and Sm concentrations (12.14 and 2.25 ppm, respectively; Table 3 ) consistent with the values reported for the least altered samples of unit 4.4 (Table 1) , giving an ε Nd value of 3.08 (Table 3) .
Dacite-rhyodacite, sample LAPL-074-2000 (unit 5.1b ): This sample was collected on surface northeast of the LaRonde Penna mine. Nd and Sm concentrations in this sample are 41.13 and 7.59 ppm, respectively (Table 3) , which is consistent with the values reported for the dacite-rhyodacite (subunit 5.1b-(d); Table 1 ). The isotopic data give an ε Nd value of 3.12 (Table 3) .
Rhyodacite-rhyolite, sample LAPL-031-2000 (unit 5.2b ): This sample is from the stratigraphic footwall of the 20 North lens on surface, south of the LaRonde Penna mine. Nd and Sm concentrations for this sample are slightly lower than for the dacite-rhyodacite of unit 5.1b at 34.6 and 5.38 ppm, respectively (Table 3) . These concentrations are consistent with other samples from the rhyolite dome or cryptodome facies (Table 1 ). The ε Nd value is 3.03 (Table 3) .
Feldspar and quartz-phyric rhyolite, sample LAPL-126-2000 (unit 5.3 ): This sample is from the stratigraphic hanging wall of the 20 North lens on level 86 (860 m below surface). The analyzed sample contains 23.33 ppm Nd and 3.44 ppm Sm (Table 3 ) and has an ε Nd value of 3.11 (Table 3) .
Basaltic andesite, sample LAPL-212-2001 (unit 5.4 ): This sample is from the hanging wall of the 20 North lens and was collected on surface, southeast of the LaRonde Penna mine. It has a relatively low Nd content (17.69 ppm), consistent with its mafic to intermediate composition, but the Sm concentration is relatively high at 3.48 ppm (Table 3 ). These concentrations are slightly higher than in the other samples of unit 5.4 (Table 1) , most likely reflecting the abundance of feldspar phenocrysts in the analyzed sample. The ε Nd value for this unit is 3.15 (Table 3) .
Upper felsic unit, sample LAPL-060-2001 (unit 5.5):
The Nd and Sm concentrations of this sample are lower than expected for unit 5.5, with 22.77 ppm Nd and 3.56 ppm Sm (Table 3) . However, these concentrations are similar to those of the coeval felspar and quartz-phyric rhyolite (unit 5.3). The ε Nd value of 3.35 is slightly higher than that of unit 5.3 (Table 3) .
Summary
All six units have the same ε Nd values (3.03-3.35), well within the analytical error (± 0.8), suggesting that the sampled units evolved from a common magmatic source derived from a depleted upper mantle at 2.7 Ga (cf. DePaolo, 1981; Goldstein et al., 1984; Nelson and DePaolo, 1984; Stern et al., 1994 ). This signature is also similar to that of different rocks of the southern Superior province older than 2695 Ma that were derived from a primitive mantle source (cf. Prior et al., 1999b , and references therein). These data suggest that the host rocks of the LaRonde Penna deposit were derived from magmas generated from depleted upper mantle and/or from partial melting of juvenile material (mafic crust) or by a combination of those two sources.
Petrogenesis of the LaRonde Penna Deposit Host Sequence

Hébécourt Formation
The volcanic rocks of the Hébécourt Formation are slightly more evolved than typical Archean oceanic basalts; their elevated Al 2 O 3 content is comparable to that of some modern back-arc basin basalts (BABB) and rift-related tholeiites or island-arc basalts (Hochstaeder et al., 1990) and to that of E-MORB (Wilson, 1989) . However, the trace elements and REE concentrations are slightly higher than MORB and lower than modern-arc tholeiites, and therefore (Fig. 5A, B) to primitive mantle suggests fractional crystallization of clinopyroxene and olivine. The Zr/Y and Th/La ratios (Fig. 5C, D) are also close to those of primitive mantle.
Bousquet Formation
The volcanic units of the lower member of the Bousquet Formation are slightly more evolved than the basalt and andesite of the Hébécourt Formation. The tholeiitic felsic rocks of the sill complex (unit 2.0), which intrudes the Hébé-court Formation, could have been generated by low-pressure, high-temperature, low-to moderate-degree partial melting of a tholeiitic mafic source with no residual amphibole (Hart et al., 2004) or garnet (Barrie et al., 1993) followed by plagioclase-dominated fractional crystallization in a subvolcanic magma chamber (Lesher et al., 1986) . The tholeiitic felsic sills of unit 2.0 have [La/Yb] N , Zr/Y and Hf/Sm ratios similar to those of mafic rocks of the Hébécourt Formation (Fig. 5) , suggesting a common source. Fractional crystallization of plagioclase and Fe-Ti oxides could have led to the formation of tholeiitic, high-silica felsic rocks that can be compared to FIIIa-type rhyolites of Lesher et al. (1986) and of Hart et al. (2004) . Weak negative Nb and Ta anomalies, positive Zr and Hf anomalies, and a relative enrichment in Th (Fig. 5F ) and LREE ( Fig. 2A ) may indicate contamination by hydrous magmas and/or assimilation of Nb-and Ta-depleted rocks.
The scoriaceous tuff and the heterogeneous unit of the lower member of the Bousquet Formation (units 3.3 and 4.4) are less differentiated than the underlying units ( Fig. 2A) . The relative enrichment in LREE and depletion in HREE compared to the tholeiitic to transitional units of the Hébé-court Formation suggest that these predominantly andesitic rocks were not generated by simple fractional crystallization from the same tholeiitic magma reservoir inferred for the Hébécourt Formation and the tholeiitic felsic sills of unit 2.0. This is supported by significant variations of incompatible trace element ratios, such as Sc/Yb, Zr/Y, and Nb/Th (Fig. 5) , requiring either a heterogeneous source or contamination (e.g., mixing with mafic to intermediate calc-alkaline magma or slab melts with different trace element ratios) and subsequent fractional crystallization, as suggested by Laflèche et al. (1992b) and by Wyman et al. (2002) for similar rocks of the southern Abitibi belt. The influence of subduction-related processes or crustal contamination is suggested by the Nb/Th and Hf/Sm ratios (Fig. 5G, H) and also by the negative Nb and Ta anomalies (Fig. 2A) . The Nb and Ta anomalies alone could be produced during differentiation of tholeiitic rocks after fractional crystallization coupled with contamination-assimilation of a Nb-and Ta-depleted component such as mafic calc-alkaline magmas (Laflèche et al., 1992b) . However, similar rocks from the eastern segment of the southern Abitibi belt have been interpreted to be products of the transition from mantle diapirism to subduction-related volcanism by Scott et al. (2002) .
The upper member of the Bousquet Formation is characterized by a gradual shift from predominantly mafic tholeiitic transitional volcanism to transitional calc-alkaline felsicdominated volcanism from the base to the top of the Bousquet Formation (Fig. 5) . The mafic rocks include the andesitic sills (subunit 5.1b-(c) ) and the basaltic andesite (unit 5.4). The felsic rocks include the dacite-rhyodacite (subunit 5.1b-(d)), the rhyodacite-rhyolite (unit 5.2b), the rhyolitic domes or cryptodomes (subunit 5.2b-R), the feldspar and quartz-phyric rhyolite (unit 5.3), and the upper felsic unit (unit 5.5). Units 3.3 and 4.4 of the lower member of the Bousquet Formation have been grouped with mafic units of the upper member in Figure 5 for comparison.
Rocks from these two groups are characterized by similar chondrite-normalized trace element and REE patterns (Fig.  2B, C) that show LREE enrichments, flat HREE patterns, and negative Nb, Ta, and Ti anomalies. Flat HREE patterns suggest the assimilation of amphibole with chondrite-normalized Gd/Lu ratios close to 1 (Fig. 5I) . The felsic units are characterized by positive Zr and Hf anomalies (Fig. 2B) , whereas the mafic rocks are characterized by negative Zr and Hf anomalies (Fig. 5) that could indicate the effects of hydrous fluids (metasomatism) in the source from a subducted slab (Wyman et al., 2002) . These REE signatures (Fig. 2) are generally attributed to subduction processes and are typical of oceanic arc-back-arc volcanism. However, the Th content of these rocks is higher than would be expected for oceanic arc rocks (Fig. 5D) , which explains the misclassification as active continental margin arcs in some diagrams (e.g., Gorton and Schandl, 2000;  Fig. 3C ). The Th/La ratios of the mafic rocks (Th/La = 0.16-0.19; Table 1 , Fig. 5D ) suggest a minor assimilation-contamination component or dehydration and partial melting of a metabasaltic source (hydrous metasomatism). This is more important for the felsic rocks (Th/La = 0.22-0.30; Fig. 5D ). Assimilation-contamination is also suggested by the low Nb/Th and Nb/U ratios relative to primitive mantle and MORB (Fig. 5F, G) .
The LaRonde Penna host felsic rocks have a number of geochemical similarities to modern ensialic arcs (Fig. 6A ) in which the subduction-related magmas are contaminated by continental crust. Similar felsic rocks host the Early Proterozoic Boliden Au-As deposit of the Skellefte district in Sweden (Weihed et al., 1992; Allen et al., 1996; Bergman Weihed et al., 1996; Billstrom and Weihed, 1996) . Crustal contamination by continental material at LaRonde Penna is not likely, as the ε Nd values for the felsic rocks indicate a depleted asthenospheric or upper mantle source. However, contributions from older or primitive arc-back-arc crust would not have shifted the ε Nd values significantly (e.g., Barrie et al., 1999) . Assimilation of such older crust is suggested by the 2721 Ma inherited zircons in the rhyodacite-rhyolite (unit 5.2b; MercierLangevin et al., 2007a) from the footwall of the 20 North lens and by some accidental, subrounded to rounded clasts of felsic intrusive rocks found in flow breccia of unit 5.2b (MercierLangevin et al., 2007a: Fig. 5F ).
Geodynamic Setting
The petrogenetic evolution of the volcanic units of the LaRonde Penna mine area, the U-Pb age determinations, the Sm-Nd isotope data, and the inferred geodynamic context Ratios of moderately to highly incompatible trace elements plotted against Zr and against REE ratios. These ratios illustrate the magmatic differentiation between the mafic to intermediate and felsic volcanic rocks and between each unit of host rocks of the LaRonde Penna deposit and the processes that may be involved in this differentiation. AFC = assimilation and fractional crystallization, CC = average continental crust, FC = fractional crystallization, F = felsic rocks group, M = mafic rocks group, PM = primitive mantle. Unit symbols as in Figure 1. of the Abitibi greenstone belt help constrain the possible magmatic and tectonic setting of the host sequence of the Doyon-Bousquet-LaRonde mining camp within the Blake River Group of the Abitibi subprovince. The 2701 to 2696 Ma Blake River Group volcanic rocks were emplaced during a late stage of rifting and an early stage of subduction in a backarc setting following a period of tholeiitic mafic and komatiitic plume-related oceanic plateau volcanism and intraoceanic arc volcanism between 2730 and 2705 Ma (Laflèche et al., 1992a, b; Ayer et al., 2002; Mueller and Mortensen, 2002; Wyman et al., 2002) . Stratigraphic and geochronological relationships suggest that the 2699 to 2698 Ma Bousquet Formation represents the upper part of the Blake River Group (Lafrance et al., 2003a; 2005; Mercier-Langevin et al., 2007a) .
The subaqueous tholeiitic basaltic to andesitic rocks of the Hébécourt Formation may have been generated by magma underplating following mantle diapirism related to extension during the last episode of oceanic plateau volcanism, as proposed by Dimroth et al. (1982 Dimroth et al. ( , 1983a and Wyman (1999) . Subduction-related processes or assimilation of Nb-and Tadepleted material is suggested by the appearance of negative Nb and Ta anomalies in felsic intrusive rocks (e.g., unit 2.0 tholeiitic felsic sills). Fractional crystallization and assimilation-contamination of mafic tholeiitic magma in the crust at low pressure could have formed the felsic sills of unit 2.0. Underplating of a thickened arc crust would have caused partial melting of the crust and the formation of hybrid magmas. Low-degree partial melting of mafic juvenile material, partial melting of mafic to intermediate calc-alkaline rocks, or partial melting of felsic rocks coupled with partial melting of depleted upper mantle wedge and fractional crystallization of amphibole ± plagioclase at midcrustal levels could have produced tholeiitic to transitional, mafic to intermediate rocks of units 3.3 (scoriaceous tuff) and 4.4 (heterogeneous unit) that clearly differ from the underlying rocks. These units were emplaced as extensive subaqueous autoclastic to possibly pyroclastic flows (Stone, 1990 ) from coalesced effusive centers (Lafrance et al., 2003a) . The negative Nb and Ta anomalies that characterize the scoriaceous tuff (unit 3.3) and the heterogeneous unit (unit 4.4) could be related to partial melting of a subducted slab or to the assimilation of some Nb-and Tadepleted material from the crust. However, the assimilated crust must have been primitive, as the ε Nd value of unit 4.4 (heterogeneous unit) is that of primitive mantle. The generation of these rocks at midcrustal levels (e.g., 10-15 km) suggests the development of a thickened arc crust and a subsidiary magma chamber. Subsequent fractional crystallization and assimilation in this chamber is believed to have been responsible for the generation of the transitional to calc-alkaline felsic rocks of the Bousquet Formation. A late reintroduction of tholeiitic magma in the emptying subsidiary magma chamber could explain the emplacement of the transitional mafic units (mainly dikes and shallow sills) of the upper member of the Bousquet Formation, which are compositionally similar to the scoriaceous tuff (unit 3.3) of the lower member of the Bousquet Formation. This evolution is compatible with that of a back-arc basin setting where volcanism is first induced by crustal extension and mantle diapirism under a thickened arc crust and later by subduction processes and differentiation in midcrustal magma chambers. This differs slightly from the magmatic evolution in the Noranda area, west of the DoyonBousquet-LaRonde mining camp, where the felsic rocks are considered to be the products of low-pressure melting of tholeiitic basalts (Hart et al., 2004 ) under a thin, immature island-arc crust (Yang and Scott, 2003) . However, it can be compared to the evolution of the 2714 to 2702 Ma eastern segment of the Abitibi greenstone belt, as proposed by Scott et al. (2002) , who suggested a gradual shift from plume-related volcanism to arc rifting for the Val-d'Or area about 50
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Possible Relationships between Magmatism, Volcanism, and Au-Rich VMS Deposits of the Doyon-Bousquet-LaRonde Mining Camp In general, VMS deposits hosted by felsic volcanic rocks are thought to have formed in extensional environments of island arcs and continental margins (Hannington et al., 2005) , each setting being characterized by volcanic rocks having distinct geochemical signatures (Franklin et al., 2005 , and references therein). VMS deposits associated with felsic rocks are genetically linked to the felsic magmatism of particular tectonic settings, and this may explain the provinciality of certain Au-rich VMS deposits, such as in the Doyon-Bousquet-LaRonde camp with four major (>1 Moz Au) Au-rich VMS deposits (Bousquet, Bousquet 2, Dumagami, and LaRonde Penna).
Parallel studies of the ore zones at LaRonde Penna and Bousquet 2 have shown that Au was introduced as part of the volcanogenic hydrothermal mineralizing system and precipitated along with the other metals in response to the chemical and physical conditions of the local geologic setting (Dubé et al., 2007; Mercier-Langevin et al., 2007a) . Other Archean VMS deposits are preferentially associated with felsic volcanic rocks characterized by low Zr/Y and [La/Yb] N ratios, elevated HREE content, and silica-rich compositions, indicative of a high-temperature and relatively low-pressure melting (e.g., Lesher et al., 1986; Barrie et al., 1993; Barrett and MacLean, 1994; Hart et al., 2004) . In contrast, the Au-rich VMS deposits of the Doyon-Bousquet-LaRonde mining camp are related to HREE-depleted and high Th felsic rocks that may have been generated by partial melting at high pressure of mafic to intermediate material (garnet in the source) and subsequent fractional crystallization or by partial melting at midcrustal levels (e.g., 10-15 km) caused by ascending mafic to ultramafic magma, following the models of Lesher et al. (1986) and Hart et al. (2004) for the generation of FII-type rhyolites. Yang and Scott (2003) speculated about the possibility that felsic magmas, by degassing metal-rich magmatic fluids, contribute metals to the formation of VMS deposits, and categorized the felsic host rocks of VMS into low, intermediate, and high Th rhyolites (see Table 4 ). In this classification, the low Th rhyolites, which are common in the Abitibi and especially in the Noranda camp, are characterized by low concentrations of incompatible elements ([La/Yb] N <3), low Th/Th* ratios (<3), and are associated with Cu ± Zn deposits ( Table 4) (Table 4 ). The metal content of the deposits could be related to the difference between the inferred geodynamic setting of the DoyonBousquet-LaRonde (Table 4 ) and the Noranda-type setting. As shown in Figure 7 , and based on the petrogenetic evolution of the host rocks, it is proposed that the Doyon-Bousquet-LaRonde volcanic sequence was formed in a setting intermediate between back-arc basin and volcanic arc environments. We speculate that this particular position, closer to the subduction zone in an arc-back-arc system, may be responsible, at least in part, for the Au enrichment of the VMS deposits of the Doyon-Bousquet-LaRonde mining camp. A position closer to an arc may imply shallower water depth, which could induce boiling, but also a possible affinity with arc-related, calc-alkaline and volatile-rich Au-bearing magmas such as in porphyry and epithermal systems for which a direct magmatic contribution to the ore fluids is recognized (e.g., Sillitoe, 1993a, b; Cooke and Simmons, 2000; Sillitoe, 2000) . In these systems, calc-alkaline magmas are associated with hydrous, oxidizing conditions favorable for concentration, through fractional crystallization, and transport of gold (e.g., Moss et al., 2001 ).
The magmatic evolution of the host sequence of the LaRonde Penna deposit also may have contributed to the evolution of the hydrothermal system, including the enrichment of Au (Dubé et al., 2007) . In the late, calc-alkaline intrusive phases of the Mooshla synvolcanic pluton, west of LaRonde Penna (see Mercier-Langevin et al., 2007b;  Fig. 1 ), there are numerous veins and abundant miarolitic cavities containing auriferous sulfides and amphiboles (Galley and Lafrance, 2007) . The late intrusive phases of the Mooshla are interpreted as volatile-rich magmatic pulses, thought to be responsible for the formation of the Doyon mine ore zones and aluminous alteration (Galley and Lafrance, 2007) . The Mooshla intrusion also could have contributed magmatic volatiles to the LaRonde Penna system higher in the stratigraphy or represent the shallow equivalent (apophyse) of a volatile-rich subvolcanic magmatic chamber at depth.
The proposed arc rifting also may have prompted large and very efficient hydrothermal convection and thereby contributed to the formation of the larger deposits in the DoyonBousquet-LaRonde camp. In addition, the apparent association with the early stages of rifting of locally thickened arc crust is similar to the tectonic settings of many younger Aurich VMS, including on the modern sea floor (e.g., Hannington et al., 1999) .
Summary and Conclusions
The LaRonde Penna deposit and the other Au-rich sulfide lenses of the Doyon-Bousquet-LaRonde mining camp are ratio, high incompatible element contents, LREE-enriched patterns, flat HREE patterns, pronounced negative Nb, Ta, and Ti anomalies, and positive Zr and Hf anomalies. The geochemical signature of the felsic rocks is similar to that of younger, ensialic arc-back-arc settings such as in the Skellefte district in Sweden. However, Nd isotope signatures of the LaRonde Penna host rocks suggest that they were generated by partial melting of depleted upper mantle and/or partial melting of juvenile material (mafic crust) with fractionated crystallization, or by a combination of those two processes. The petrogenetic evolution of the lavas may be due to the progression from depleted upper mantle diapirism associated with mafic-ultramafic magma underplating and assimilation, to magmatic differentiation (assimilation-fractional crystallization) at midcrustal levels in subsidiary magma chambers within a ca. 2721 Ma, relatively thick, juvenile or immature mafic ± felsic backarc crust. This geodynamic context is thought to be favorable for the generation of and sustaining long-lived, deeply seated hydrothermal fluid circulation, with possible variable contributions to the hydrothermal solutions from the metasomatized upper mantle, the crust, and high-level degassing magma chambers.
The ore lenses of the Archean LaRonde Penna Au-rich VMS deposit are associated with HREE-depleted transitional to calc-alkaline dacite, rhyodacite, and rhyolite (FII-±FI-type). These rocks traditionally have been considered to be of limited prospectivity. This study suggests that the Archean FII-type felsic rocks and the inferred geodynamic setting in which they are produced (i.e., high-pressure felsic volcanic rocks in a rifted, back-arc setting over a relatively thick juvenile arc-back-arc lithosphere) could be related to the elevated Au content of the associated VMS deposits and therefore represent favorable exploration targets for such deposits. 
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